Abstract
needed to understand changes in light availability during spring in particular. Canopy 23 openness, derived from hemispherical photography, has frequently been used as a 24 proxy for understorey light. However, hemispherical photography is relatively resource 25 intensive, so we tested a range of inexpensive alternatives for monitoring variability in 26 canopy closure (visual estimation, canopy scope, smartphone photography, smartphone 27 photography with fisheye attachment; and image analysis with specialist hemispherical 28 photography software or with simpler, open access image analysis software). 29
Smartphone photography with an inexpensive fisheye lens attachment proved the most 30 reliable estimator of canopy closure. We found no significant difference in canopy 31 estimations from three widely-owned smartphone models with differing resolutions and 32 fields of view, and no significant effect of camera operator on the results. ImageJ, a free 33 image analysis software, detected canopy variability in a similar way to HemiView 34 specialist hemispherical photography software. We recommend a combination of 35 smartphone photography with fisheye attachment and analysis with ImageJ for 36 identifying changes in the timing of canopy closure (but not for estimating absolute 37 canopy closure). We discuss how large-scale citizen science using this approach could 38 generate meaningful and comparative data on the timings of canopy closure in different 39
forests, year-to-year. 40 41
Introduction

42
Climate change is affecting forest ecosystems around the globe, with changes in tree 43 phenology widely documented for temperate forests (Richardson et data, for the purpose of tracking photosynthetic activity to assess forest productivity, gas 70 exchange and phenological feedbacks to the climate system (Richardson et al., 2013) . 71
While remote sensing data is useful for identifying large-scale phenological trends, the 72 coarse resolution means that local variations between forest stands are often masked 73 (Fisher et al., 2006; White et al., 2014) . Furthermore, loss of temporal resolution due to 74 varies depending on forest type and structure, and also shows strong seasonal variation 108 according to the phenological stage (Ryu et al., 2010 Canopy openness is the proportion of the entire sky hemisphere that is unobstructed by 128 vegetation when viewed from a single point (Jennings et al., 1999) , and is highly 129 correlated with understorey light (Brusa and Bunker, 2014; Gonsamo et al., 2013 ; 130 direct sunlight, normally early or late in the day, or on a day with uniform overcast skies 141 (Rich, 1990 quantities of data on the timing of canopy closure using citizen science. 159
The use of citizen science has proven highly successful in other areas of phenological 160 research, including observational studies of plant bud-burst and leaf-out timing 161 (Collinson and Sparks, 2008; Jeong et al., 2013; Mayer, 2010 The circular fisheye lens provides a 180° field of view in all directions. Images were 210 taken using the basic quality setting and stored in VGA-size, as canopy openness 211 estimates are not affected by resolution or size settings with this camera model (Inoue 212 et al., 2004) . 213
Photos were taken without rain or direct sunlight entering the lens (Rich, 1989) . The 214 camera was mounted on a tripod at 1.2 m above ground, and levelled using a circular 215 bubble level. Pictures were taken using the camera timer function to reduce movement 216 during image capture (Rich, 1989) . Aperture and shutter settings were set to automatic, 217 excluded. Canopy openness-in HemiView, "% visible sky"-was then derived for each 236 image by the software. In HemiView this value represents a weighted canopy openness 237 score based on gap fraction zenith angles (Rich et al., 1999) . 238
Following analysis in HemiView, photos were also analysed using ImageJ (Rueden, 239 2016 ). Photos were converted to 8-bit binary black ("not sky") and white ("sky") images 240 in ImageJ. Following the same procedure as we used for photos in HemiView, the 241 manual thresholding function in ImageJ was used to individually process each image 242 and obtain the best contrast between vegetation and background sky. This was done 243 with reference to the original photograph (Rich, 1990) . Hemispherical photos consist of 244 a circular image inside a rectangular frame. As ImageJ is not designed specifically for 245 such images, it cannot automatically exclude the framing pixels as is possible in 246
HemiView. Therefore to calculate canopy openness (the proportion of pixels classified 247 as sky) excluding the frame, we first calculated the number of pixels in a reference 248
image containing only open sky. We then used the 'batch measure function' to calculate 249 white (sky) pixels for all images, and calculated the canopy openness as a proportion of 250 the circular hemispherical image, excluding the framing pixels. 251
Smartphone photography with fisheye lens 252
Photos were taken using a Sony Xperia L smartphone camera (Android Version 5.0) 253 with magnetic fisheye lens attachment (Skimn FE-12 180° fisheye lens). Images were 254 taken at 5 MP using a 16:9 aspect ratio -the camera's default settings. Using these 255 settings, the fisheye lens gave a 125° x 75° field of view. The smartphone was held 256 level, with the wider view orientated east-to-west when taking photos of the canopy, to 257 ensure comparable images were obtained for each season. Photographs were taken in 258 manual mode, with exposure lowered to -2.0 EV, the minimum limit on the camera. 259
Images were stored as high quality JPEGs, between 2-3 MB in size. 260
Smartphone fisheye photos were analysed in HemiView and ImageJ and visible sky 261 values were calculated, following the same procedures outlined for hemispherical photo 262 analysis. Lens equation coefficients relating zenith angles and radial distance were 263 calculated from a calibration curve constructed from measurements taken from 264 reference photographs. The resulting lens correction function (y = 1.2213x-265 1.396x 2 +1.0855x 3 -0.2761x 4 ) was used by HemiView to adjust the calculations to correct 266 for lens distortion. 267 2.1.3. Smartphone photography without a fisheye lens 268 Smartphone photos were also taken of the canopy without the fisheye lens attachment, 269 giving a 70° x 40° field of view. Photos were taken of the canopy directly overhead (with 270 the wider view orientated east-west), and of the canopy facing in three different 271 bearings from the station -at 60°, 180° and 300° (with the camera positioned in a 272 landscape orientation at a at a 45° angle from the horizontal). All photos were taken 273 using the same settings as the photos with fisheye lens attachment, and exposure 274 settings were manually adjusted as previously described. Photographs were then 275 analysed using ImageJ, following the same procedure for binarization, to derive a 276 canopy openness estimation based on % visible sky. Two sets of canopy openness 277 estimates were derived from these photos: one based solely on the overhead canopy 278 photo, and one calculated as an average from all four photographs to incorporate a 279 wider area of view. canopy openness, but acknowledged that for woodlands with several similar sized 295 canopy gaps, the largest gap estimate may not give an accurate representation. Two 296 alternative estimates were made: one by pointing the canopy scope at the canopy 297 directly overhead; and another by taking the mean of four canopy scope estimates 298 (using the overhead estimate and estimates made from viewing the canopy at bearings 299 of 60°, 180° and 300° from north, at an approximately 45° angle from the horizontal). 300
Statistical analysis 301
We used linear regression to compare canopy openness derived from hemispherical 302 photographs in HemiView, against each surrogate method. We first compared data from 303 all seasons and sites together to assess which methods were able to estimate broad 304 changes in canopy openness. We then compared methods on a season-by-season 305 basis across the four sites, to understand whether methods were capable of estimating 306 finer-scale variation in canopy openness. We also conducted method comparisons on a 307 site-by-site basis using data from all four seasons, to assess whether methods 308 performed well across the different woodlands. analysis, the slope of the relationship was no different for all three seasons (Fig. 1D  353 ANCOVA F2,66 = 2.55, p = 0.09). However, the intercepts of the relationships were 354 significantly different (Fig. 1D ANCOVA F2, (Table  360 2, Figs 1B and 1C) . The slopes of these relationships, which were all >1, indicate that 361 smartphone fisheye photography results in higher estimates of canopy openness than 362 hemispherical photography, and that the estimates differ more at higher values of 363 canopy openness. During winter, when there were very high levels of canopy openness 364 (mean = 37%, sd = 5%), smartphone fisheye photos did not correspond reliably to 365 hemispherical photography (Table 2 ). This was also true for all other methods tested, 366 and since winter is not a season where canopy change is expected and therefore not 367 relevant to our aims, winter data were excluded from the rest of the analyses. Non-368 photographic methods (canopy scope and simple visual estimations) were much poorer 369 estimators of change in canopy openness across all seasons and sites (Table 2) . 370
Smartphone with fisheye lens estimates taken in different seasons had similar slope 371 relationships (Fig. 1E ANCOVA F2 ,66 = 0.31, p = 0.73; Fig.1F F2,66 = 0.64, p = 0.53), but 372 they varied in intercept (Fig 1E, ANCOVA F2 ,64 = 33.56, p < 0.001; Fig. 1F F2, in canopy openness, we tested whether the methods performed consistently between 381 different sites (Fig. 2) . Hemispherical imagery analysed with ImageJ showed similar 382 slope relationships across all sites ( Fig. 2A; ANCOVA F3, 
000). 386
Smartphone with fisheye photography, whether analysed with HemiView or ImageJ, 387 resulted in different slope relationships for Hardwick compared to the other sites (Fig.  388 2B, ANCOVA F3,60 = 4.10, p = 0.010; Fig. 2C, F3 ,60 = 7.07, p < 0.001). As canopy 389 openness increased, the estimates for Hardwick differed less from the hemispherical 390 standard than the other sites. The intercepts of the other sites did not differ (Fig. 2B,  391 ANCOVA F2,46 = 0.91, p = 0.41; Fig. 2C, F2 ,46 = 0.54, p = 0.59). 392
Comparison of smartphone models and operators 393
The three canopy treatments In terms of practicalities, smartphone fisheye photography is suitable for widespread 484 use as part of citizen science projects, and if managed properly is a game-changer in 485 terms of data quantity. The good agreement between smartphone models and users 486 suggests the method can be reliably applied by citizen scientists. The three phone 487 models tested varied in resolution and field of view, but still produced comparable 488 results. While some variation was evident between photos taken with the same phone, 489 under the same canopy conditions, there was no overall effect of phone user on canopy 490 openness values. Variation between photos taken with the same phone was greatest at 491 higher levels of canopy openness. This is not surprising, as under the dense canopy, 492 gaps were small and uniformly distributed, whereas the open canopy comprised a very 493 large central gap bordered by canopy. Small variation in camera positioning could 494 therefore result in compositional differences between photographs. This could lead to 495 significant differences in estimates, as has been observed with other methods for 496 estimating canopy openness (Jennings et al. 1999 ). Therefore, we recommend that for 497 best results camera position is standardised by installation of fixed camera mounts 498 (University of New Hampshire, 2017) for citizen scientists to place their smartphones on 499 in order to take repeat photographs of particular parts of the canopy. 500
The quality of photos obtained from smartphone fisheye photography is sufficient to 501 obtain reliable data. The high resolution available with smartphone cameras is a clear 502 advantage. Resolution is known to be an important factor influencing the quality of 503 canopy openness measures from hemispherical photography (Brusa and Bunker, 2014; 504 Woodgate et al., 2015) , and in this study the smartphone camera resolution was 505 superior to that of the hemispherical camera (with nearly 2,000,000 more pixels). It has 506 also been noted that higher resolution images are less vulnerable to thresholding errors 507 during image processing and analysis (Macfarlane et al., 2007) . Some blurring was 508 evident towards the perimeter of the smartphone fisheye photos, but this is also 509 apparent with hemispherical photos (Frazer et al., 2001 ). Blurring from motion caused 510 by holding the camera to capture images could also influence image quality (Woodgate 511 et al., 2015) . The use of fixed mounts for phone cameras would help alleviate this 512 problem, as well as utilising the camera's timer function or earphone controls to 513 remotely operate the camera shutter. again that the smartphone fish-eye photography method would not be suitable for 527 detailed studies of canopy structure or growth where small differences between sites 528 must be detected, and therefore consistent exposure is paramount (Leblanc, 2005) . 529
However, to track the progress of canopy closure through time and compare trends in 530 the timing of this phenological event over large spatial scales, a small degree of noise in 531 the data is acceptable. The example in Supplementary Material demonstrates that the 532 phenological process of canopy closure can be clearly modelled using this method. 533
While the limits of exposure settings on smartphone cameras may mean some photos 534 have to be discarded, the greater number of images obtained by utilising a citizen 535 science approach should increase the number of suitable images that can be included 536 in a study. Where possible citizen scientists should be encouraged to take photos early 537 or late in the day, which is when sky conditions are generally most appropriate, and 538 coincides with times when people are likely to be available to collect imagery. 539 forests year on year, and may even be more suited to this task than hemispherical 543 photography. Using this approach, trends in proportional changes in canopy closure 544 could be identified across different spatial and temporal scales using citizen science. 545
Conclusions
Further research is required to assess the temporal resolution of image capture needed 546 to represent canopy changes adequately. 547 Bertin, S., Palmroth, S., Kim seasons. R 2 and statistical significance of these relationships is presented in Table 2 . 791 
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